Experimental and theoretical evidence shows that phthalimides are highly efficient single electron transfer acceptors in reactions promoted by samarium diiodide, affording ketyl radical anion intermediates, which participate in high-yielding inter-and intramolecular reductive coupling processes with different radicophiles including imides, oxime ethers, nitrones, and Michael acceptors.
C-radical, or carbanion acceptor, 4,6a,7b except for the case of N-acyl lactams, where an acyl samarium species formed by reductive cleavage of the lactam ring has been proposed 5 as intermediate. In 2005, on the basis of new experimental evidence, we considered an alternative mechanistic hypothesis for the cross-coupling of phthalimides and carbonyl compounds promoted by SmI 2 , which involved the chemoselective single electron transfer reduction of the imide to give a ketyl radical-anion intermediate. 8, 9 This alternative hypothesis was supported by DFT calculations on simple model compounds. On the basis of the new mechanistic evidence, we set out to study the viability of a series of unprecedented reductive coupling reactions promoted by SmI 2 involving N-substituted phthalimides and diverse C-radical acceptors.
We report herein the first results of this study, which show that phthalimides are in effect highly efficient single electron transfer acceptors in samarium diiodide-promoted intramolecular homocoupling reactions and in intra-or intermolecular cross-coupling reactions with oxime ethers, nitrones, and activated alkenes, affording the expected R-hydroxy lactams under very mild conditions and in good to very high yields (Scheme 1). As a first experiment, we assayed the intramolecular homocoupling reaction of diphthaloyl ethylenediamine derivative 1 in the presence of SmI 2 and t-BuOH at room temperature. The reaction took place smoothly to afford the expected coupling product 2 10 in very high yield and as a single diastereoisomer. The trans relative stereochemistry of 2 was unambiguously determined by X-ray diffraction ( Figure 1 ). 11 The coupling reaction could be performed at a lower temperature (-30°C) with equally high yield (80%), attesting to the high reactivity of the phthalimido group under these very mild reductive conditions. We next tested the intramolecular cross-coupling with oxime ethers. Both aldehyde-(3a,b) and ketone-derived (3c, 5) oxime ethers (as E/Z mixtures of isomers) performed very efficiently to produce the expected five-and six-membered heterocyclic O-benzyl hydroxylamine products 4a-c and 6, respectively, in high yield and as single diastereoisomers. The cis relative stereochemistry of 4c was unambiguously determined by X-ray diffraction (Figure 2 ), 11 and those of the other products in this series were only tentatively assigned from this. The observed stereoselectivity differs from that found in the related cross-coupling of oxime ethers with aldehydes and ketones, which gives preferentially the trans product. 12 Nitrone 7 (as a 1:1 E/Z mixture of isomers) also cyclized smoothly to afford N-benzyl-hydroxylamine 8 in moderate yield. 13 However, in this case a 3:2 mixture of cyclic diasterereoisomers resulted. Single crystals of the minor isomer appropriate for X-ray diffraction studies 11 could be obtained by fractional crystallization of the mixture in MeOH, which allowed us to assign the cis stereochemistry to this isomer (Figure 3 ). 14 We next examined the intramolecular coupling with activated alkenes. Thus, cyclization of R, -unsaturated esters 9a,b afforded the expected products 10a,b in moderate and high yield, respectively. The cyclization of 9a gave a mixture of diastereoisomers, whereas that of 9b was completely stereoselective. Unfortunately, we were unable to obtain appropriate crystals of these products for X-ray diffraction, and their stereochemistry could not be determined by NOE 1 H NMR spectroscopy. Surprisingly, as observed for the case of the oxime ethers couplings, the six-membered heterocyclic products are formed in significantly better yields than their five-membered counterparts, implying that an optimum trajectory of approach between the imide radical anion and the radicophile can only be attained when a sufficiently large ring is being formed. An intermolecular version of this coupling reaction was also assayed. Thus, the dropwise addition of a THF solution of SmI 2 and t-BuOH to a mixture of N-methylphthalimide (11) and a 4-fold excess of a monosubstituted (12a,b) or a 1,2-disubstituted (12c) Michael acceptor at low temperature yielded the expected coupling products 13a-c in very good yields. Not surprisingly, the 1,2-disubstituted alkene afforded a mixture of diastereoisomers with low stereoselectivity.
From a mechanistic point of view, these reductive coupling reactions could be explained as resulting from the initial single electron transfer reduction of either the imido group or the other reducible functional group present in our substrates. The relative thermodynamic ease of reduction of different functional groups might be inferred from available solution redox potentials for organic molecules containing each of these groups. 15 However, care should be taken when comparing electrochemical data obtained under different experimental conditions due to the sensitivity of the halfwave reduction potential values to the solvent, pH, and supporting electrolyte used. For this reason, we have performed quantum mechanical DFT calculations on simple model systems representing the different functional groups present in our substrates to determine their relative susceptibility to suffer single electron transfer reduction. Table 1 shows the vertical electron affinity (VEA) and the adiabatic electron affinity (AEA) calculated at the UB3LYP/6-311G-(d,p) level in gas phase for these model compounds.
22,23 The (15) The E 1/2 red values reported for some of our substrates are the following: N-methylphthalimide, -1.39 V (in MeCN, first wave); 16 ethyl cinnamate, -1.88 V (in DMF); 17 acrylonitrile, -2.83 (in THF); 18 methyl acrylate, -2.93 (in THF). 18 Values reported for oximes 19 and nitrones 20 are strongly pH-dependent and less negative than those above but correspond to the initial electroreductive cleavage of the N-O bond in protic solvents, a process facilitated by protonation that is not observed under our reaction conditions. Shono 21 has shown that oxime ethers are not electrochemically reducible under the same conditions as they are coupled to ketones. Moreover, we have previously observed that N-alkylphthalimides are reduced faster than oxime ethers and ketones by SmI 2. calculated values, in parallel with the experimental redox potentials available, 15 show that N-methylphthalimide is inherently a much better single electron transfer acceptor than any of the other model compounds examined (including acetone 8 ), which supports our initial hypothesis that these reactions are probably initiated by the chemoselective single electron transfer reduction of the phthalimido group by SmI 2 to give a ketyl radical anion intermediate. 24 The high yielding cyclization of 1 is a direct evidence of the facile generation of this ketyl radical anion under the very mild reaction conditions used.
In conclusion, both experimental and theoretical evidence show that phthalimides are exceptionally efficient single electron transfer acceptors in reactions promoted by samarium diiodide affording ketyl radical anion intermediates, which participate in high yielding inter-and intramolecular reductive coupling processes with different radicophiles including imides, oxime ethers, nitrones, and Michael acceptors. The resultant R-hydroxylactams are interesting advanced intermediates for the synthesis of isoindoline alkaloids and are also potential precursors of N-acyliminium ions, 26 which can further expand the synthetic value of this approach. 
